Introduction
1 0 0 assembled genomes available in the public databases. Then we present the high unexpected diversity The list of remarkable elements in this locus by MTC lineages is the subject of a separate publication 1 0 3
[19]. A first set of data concerns seven reference clinical isolates, for which both assembled 1 0 7 genomes and short reads sequencing runs were available, downloaded from the NCBI 1 0 8 website, and renown as reference strains (Table 1) . This selection was made with the a 1 0 9 priori that assembled genomes would be highly reliable. This concerns the following strains: A second set of data concerns non-reference clinical isolates for which assembled genomes 1 1 3 were available but not short reads sequencing runs. The third set of data comes from a collection of sequence reads archives (NCBI-SRA and 1 1 5 EMBL-SRA) that has been retrieved from some state-of-the-art articles to represent the 1 1 6 diversity of MTC lineages [20, 21] . This collection was completed by SRA queries on the The names of SRA run accessions (SRR) were compiled, then the actual WGS sequencing 1 2 0 data were automatically downloaded via the fastq-dump command of the sra-tools 1 2 1 package. This led to a database of about 3,500 runs in the form of reads. This database is 1 2 2 meant to be a good representative of MTC diversity, both at the lineage level and 1 2 3 regarding geographical origins. terms of insertion and duplication, we have taken part of the pipeline detailed above to For a given run, we focus on reads returning matches during a blast on sequences of 3 0 7 interest (DR and spacers). This again is performed using k-mers derived from the reads as 3 0 8 described above. Then, patterns of the shape of an end of spacer l, followed by a variant of 3 0 9 DR, itself followed by a beginning of spacer m, where l≥m, are looked for, as they are 3 1 0 signs of duplication. Similarly, patterns of the form end of spacer k, followed by 0 to 36 3 1 1 nucleotides, themselves followed by the beginning of IS6110, are looked for insertions in 3 1 2
DRs. Finally, ends of DR variant, followed by a certain number of nucleotides, and then 3 1 3 the beginning of IS6110 for insertions, are searched for insertions in spacers (with all 3 1 4 possible variations in terms of layout and reverse complement). Only runs with either of 3 1 5 these conditions were further considered, as basis of knowledge for the numerical study 3 1 6 detailed below. We first reconstructed the CRISPR loci of the best MTC studied strains using corresponding 3 2 2 sequencing runs. Although it should be noted that these 7 reference strains do not represent the full MTC diversity since only four lineage 4 strains, two M. bovis BCG variants, and a 3 2 4 single lineage 2 strains are concerned ( Table 1) . Still they concern three distant lineages 3 2 5 among of the 7 lineages constituting MTC diversity. Briefly, we blasted the subsequences that are part of CRISPR-Cas locus (referred to as 3 2 7 "remarkable sequences") against the sequence reads against. These reads were then used to 3 2 8 build contigs by the De Bruijn approach [26] . During contig building, scores were calculated 3 2 9 taking into account the number of reads involved. Contigs included exclusively remarkable 3 3 0 sequences so that their structure could be coded as the list of the corresponding tags. Note 3 3 1 that numbering of spacers are by default those from the 68-spacers format referred to as 3 3 2 "new format" in this article [13] . The contigs were then processed manually in decreasing 3 3 3 order of scores to resolve possible duplications and sequences flanking IS6110 insertions. The CRISPR structure was then coded as a binary pattern listing the presence or absence of 3 3 5 the remarkable sequences in their order of appearance (spoligo-like profile) ( For assembled genomes, we first identified the location of CRISPR locus using one of the 3 3 8 remarkable sequences. The whole locus was then extracted and translated both as the list of 3 3 9 actually present remarkable sequences, and as a binary pattern in a spoligotype-like format. The classical 43-spacers spoligotype was then extracted considering only the useful 3 4 1 information ( at the 3' end of DVR41, not DVR45 as described in text by these authors [13] .
At the level of the spacer variants, a single discrepancy was identified around spacer 13 in H37Ra: in the assembled genome, there is a variant of the spacer with 10 more nucleotides, inflations again correspond to tandem nucleotide duplications. Altogether, the CRISPR-Cas locus reconstructed by our pipeline using WGS of reference strains matches perfectly with the public assemblies. This validates our analytic pipeline to 3 5 7 annotate and reconstruct CRISPR-Cas locus based on short-reads runs. As performed for assembled genomes of reference MTC strains, we extracted the CRISPR- We also noticed that 25 genomes out of the 187 genomes (~14%) were of really poor quality, 3 7 0 accumulating multiple variations of spacers and DRs, at sizes varying greatly. For example, 3 7 1 strain GG-77-11, line 4.3.2, has a mutant for spacers 19, 20, 21, 25, 32, 34 and 42 . Other genomes with high frequency in spacer variants were EAI5_NITR206, CAS_NITR204. In 3 7 3 these assembled genomes, we also occasionally found spacers 46 and 48 under various forms 3 7 4 (variants) and places. We also noticed that of the 27 assembled genomes of 4.1 or 4.2 with the one other IS6110 copy was identified, in front of spacer 46 of strains of sublineage L2.2.1.
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We then derived their 43-spacers spoligotype patterns. This profile was interpreted in terms all of them (n=174, 94%). In parallel, we used our annotation procedure to classify all samples L4 according to their spoligotype and MIRU-VNTR patterns ( Table 2) . They indeed 3 9 0 presented the typical sp43-50 (sp33-36 in the ancient format numbering) deletion 3 9 1 characteristic of the L4 lineage that, until now, has never been described for strains of other 3 9 2 lineages to our knowledge. In addition, among the 112 L4 samples, 54 samples had a typical MIRU-VNTR and 3 9 4 spoligotype profile characteristic of H37Rv without belonging to L4.9, the H37Rv specific Altogether we identified 67 assembled genomes (36%) with clear discrepancies between 3 9 8 CRISPR and MIRU-VNTR information and SNPs, with many instances where reference We reconstructed the CRISPR-Cas locus of 434 strains representing the diversity of the (del 43-50 found in L4 samples, etc., Table 3 , Supplementary file 4). The resulting data 4 0 8 are a pre-requisite to infer general principles of evolution in this part of the genome. As 4 0 9 explained previously, these results and lessons will be the subject of a companion article 4 1 0 [19] . In what follows, we will use these teachings to compare our method to the prevailing 4 1 1
Velvet-based one [16] . To this end, we list the different types of events made detectable by 4 1 2 the aforementioned method. They have been systematically observed in all lineages, in one 4 1 3 or more lineages, or in a clearly defined sub-lineage. Regarding DR diversity, almost all the time, there is the same direct repeats (DR) sequence 4 1 5 between two given spacers. The DR0 version of the DR is largely predominant. The • Regardless of the strain, the same variation between spacers 30 and 31 is always i. e. 36 base pairs. The DR truncated between spacers 25 and 26 is identical in all 4 2 7 samples that have this pair of spacers. At the spacer level, we have the following rules: Concerning duplications, the following points should be noted: 1) a large duplication 4 3 6 between spacers 20 and 21 in lineages 1.1.1.7 and 1.1.1.8; 2) a large tandem duplication of We set up a semi-automatic pipeline to reconstruct CRISPR-Cas locus from MTC short 4 4 6 reads sequencing runs. We first discuss the robustness of this pipeline and then comment 4 4 7 on the problems at stake when trying to reconstruct CRISPR locus using standard assembly The pipeline proposed is based on a De Brujn approach and builds contig based on the discrepancy. The first possibility is that the two H37Ra strains actually handled by the two 4 5 9 methods were not the same, and rare mutation occurred in the subclone that was used to was an error during the assembly or the Sanger sequencing used to reconstruct this locus. The robustness of our pipeline is further supported by the compatibility between SNPs The systematic study of the CRISPR loci of the assembled genomes deposited in public of these genomes (more than 1/3) have a clearly problematic locus, not trustworthy at all. This does not mean that there is no benefit in sharing such data, which can be informative 4 8 8
for the rest of the genome. However, the problem is that it is difficult to know a priori 4 8 9
whether, for a given genome, the CRISPR locus is, or is not, trustworthy. The reasons for 4 9 0 this average low quality of CRISPR information is first its genetic complexity, and second 4 9 1 the difficulty to deal with this complexity when explored using short reads sequences. Obviously, a number of studies have failed in reconstructing this locus using short reads First of all, the CRISPR locus is by nature a very difficult area to assemble, at least 4 9 6 automatically. Indeed, the De Bruijn approaches look for an Eulerian path in the graph 4 9 7 whose vertices are the k-mers, and for which there is an edge between two vertices if, and 4 9 8 only if a suffix of one is a prefix of the other. This locus contains multiple copies of DRs, 4 9 9 IS6110 insertions, spacers that sometimes share similarities (the beginning of spacer 33 is 5 0 0 the end of spacer 36, for example). In addition, we identified common DVR duplications All these events lead to possible bifurcations in the graph. In addition, the assembly is usually done by Velvet [8] , which by default has a maximum 5 0 4 k-mer size of 49. In the best case scenario where this size has been set to its preconfigured 5 0 5 maximum, knowing that a DR is size 36, this leaves only 13 bp of overlap to be shared 5 0 6 between the two spacers, upstream and downstream, which multiplies the incorrect 5 0 7 bifurcations in the graph. Increasing this limit value requires recompiling Velvet from its 5 0 8 sources, which obviously only a few or no people who submitted their assembled M. Finally, the assembly is often reference-guided. In that case, assembly uses mainly H37Rv, 5 1 1 a recent well-studied L4 isolate. However, this strain is not really representative of the 5 1 2 diversity of the locus: it has no duplication, and only the ancestral IS copy upstream of H37Rv (such as sp43-50) are likely to be discarded or misplaced. This is why a majority of 5 1 5 the spoligotypes derived from the assembled genomes available on the NCBI appeared to 5 1 6 be L4-related, while at the SNP level, the lineages were a little bit more diverse: there 5 1 7
were obviously holes in the CRISPR locus, which is therefore not trustworthy. In this article, we have explained why MTC CRISPR locus should not be assembled using 5 2 2 standard tools and we have begun to reveal the unexpected diversity it contains. This was 5 2 3 made possible thanks to a semi-automatic method that allows, for genomes with a insertions of IS6110 sequences, i.e. a full range of evolutionary events that may be found 5 2 7 in other CRISPR loci.
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In a companion article, we describe the high diversity of MTC CRISPR locus unveiled by 5 2 9
our new method, we establish a list of notable elements by lineage, and infer MTC 5 3 0 CRISPR various mechanisms of evolution. Among our objectives is the transformation of 5 3 1 our tool into a professional quality software, so that the whole community can benefit from 5 3 2 it. We also wish to study each lineage separately and in depth, on large sets of 5 3 3 representative genomes, in order to reveal the fine evolutionary dynamics of the CRISPR- 
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